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Hydrogen Peroxide Causes a Decrease
in Aerobic Metabolic Rate and in Intracellular pH
in the Shrimp Crangon crangon
Doris Abele-Oeschger, Franz Josef Sartoris and Hans-Otto Po¨rtner
Alfred-Wegener-Institut fu¨r Polar- und Meeresforschung, D-27568 Bremerhaven, Germany
ABSTRACT. UV-dependent hydrogen peroxide formation can lead to high levels of hydrogen peroxide in
tidepool waters. The effect of ambient hydrogen peroxide on the rate of oxygen consumption and on the levels
of intracellular pH, lactate and high energy phosphates was studied in the shrimp, Crangon crangon. Exposure
to elevated hydrogen peroxide levels caused a decrease in metabolic rate by an average value of 26% in intact
animals and by up to 60% in isolated preparations of the tail muscle. Muscle intracellular pH decreased by 0.1–
0.2 pH units in both isolated tissue and intact animal. The maintenance of lactate and ATP at control levels
strongly suggests that the acidosis was not associated with anaerobic proton production and, as a corollary, must
be explained through an effect of hydrogen peroxide on proton equivalent ion exchange mechanisms. Future
studies will attempt to elucidate the nature of the effect and whether the associated acidosis leads to the observed
decrease in aerobic metabolic rate. comp biochem physiol 117C;2:123–129, 1997.  1997 Elsevier Science
Inc.
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INTRODUCTION in tidepools during emersion periods, where they survive
buried in the upper sediment layer. If that happens, they
UV-driven oxygen reduction causes the formation of hydro-
are subjected to strong changes in the abiotic conditions
gen peroxide, a toxic oxygen species. Compared with oxy-
(e.g., temperature, salinity, pH and PO2). Additionally,gen radicals, hydrogen peroxide is a molecule of consider-
UV-driven hydrogen peroxide formation during summer
able stability, with a redox potential of 10.38 V (15). A
(April–October) can yield maximum water concentrations
half-life of 60 hr has been calculated for its decay in filtered
between 3 and 5 µmol l21 (6).
seawater (0.2 µm), whereas the estimated half-life for super-
Although oxygen radical stress and antioxidant protec-
oxide anion radicals (O2*2) is 100 min (28). tion are coming increasingly into focus in marine inverte-
Along the German Wadden Sea coast, large sandflat ar-
brate physiological research, only a few studies have consid-
eas periodically emerge during low tides, leaving shallow
ered the effects of elevated concentrations of reactive
intertidal pools exposed to irradiation, at times for more
oxygen species (ROS) on invertebrate vital functions andthan 5 hr. In oxygenated tidepools, H2O2 photoproduction metabolic rates. Studying the polychaete Nereis diversicolor,
exceeds the biological and chemical decomposition, leading
we found a depression of aerobic metabolic rates after expo-
to a net-accumulation of micromolar concentrations of
sure to 0.5 and 5 µmol l21 H2O2 (4). Concomitantly, theH2O2 (2). Thus, peroxide becomes an ecological factor, worms ceased locomotory activities. Hydrogen peroxide
which affects redox processes, involving oxygen, in the sedi-
concentrations of more than 4 µmol l21 were found to in-
ment water boundary layer (24) and may also affect the bio-
duce a significant reduction of filtration rates of the inter-
chemistry and the physiology of animals inhabiting inter-
tidal bivalve Cerastoderma edule (3).
tidal pools and the sediments below.
As hydrogen peroxide is an uncharged molecule, it easily
The mudshrimp Crangon crangon is a regular inhabitant
passes through cell membranes by diffusion. Inside the cells,
of these sandflats, to which it migrates during high tides.
highly reactive hydroxyl radicals are liberated (2 H2O2 1When the tide falls, most of the animals return to sublittoral
e2 → OH* 1 OH2) in a reaction catalyzed by transition
waters (22). However, some shrimp are regularly trapped
metals or other cellular reductants (34). At high concentra-
tions, these radicals induce peroxidation of membrane lipids
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The objective of the present study is to assess the effects before and after exposing them for 5 hr to 20 µmol l21 H2O2
in a volume of 500 ml of aerated seawater without sediment.of sublethal hydrogen peroxide concentrations on aerobic
metabolic rates, energy status (i.e., conservation and turn- For a maximum effect, hydrogen peroxide levels were cho-
sen higher than those found in the natural environment.over of high energy phosphates) and the intracellular acid-
base regulation of the mudshrimp C. crangon. The aim was H2O2 concentrations were monitored during exposure and
readjusted to experimental levels when necessary. The firstto see whether elevated hydrogen peroxide concentrations
may substantially affect the vital metabolic functions of hour of recording was disregarded to exclude the effect of
handling stress after placing the animal into the respirationshrimp muscular tissues.
chamber. After each measurement, the rate of oxygen con-
sumption of empty chambers was monitored and the value
MATERIALS AND METHODS subtracted from the respective value obtained for the ani-
Experimental Animals mals. Additionally, control measurements wereperformed in
Specimens of C. crangon were collected in shallow waters shrimp kept in oxygenated seawater without the addition of
of the Wadden Sea, Lower Saxony. In the laboratory, the hydrogen peroxide for 5 hr after the same protocol as de-
shrimp were held in natural seawater in large recirculated scribed above (pseudo-treatment). The dry weight of whole
aquaria containing a 1- to 2-cm layer of sand. They were animals was determined after 7 days of drying at 108°C.
fed twice a week with pieces of polychaetes and fish. The Oxygen consumption of isolated muscles was measured in
animals were allowed to acclimatize for at least 2 weeks be- well-oxygenated Ringer solution using a 4.6-ml respiration
fore experimentation. Females with eggs were not used in chamber, perfused at a constant flow rate of 60 ml hr21.
the experiments, and the animals were not fed 3 days before H2O2 incubations were carried out in the respirometer, by
incubation. For experiments with living specimens, natural switching to a second water reserve, which contained perox-
seawater with a salinity of 32‰ was filtered through a 0.4- ide at the indicated concentration. Initially, measurements
µm and, subsequently, a 0.2-µm cellulose nitrate filter. Wa- were carried out to confirm the maintenance of constant
ter temperature was kept constant throughout the experi- rates of oxygen consumption and, thereby, the viability of
ment and was adjusted to 10°C (April) and 15°C (August). isolated muscles in Ringer solution. For the determination
The water was kept oxygenated by constant aeration, and of dry weight isolated muscles were heated to 60°C until
all experiments with living animals were conducted under weight constancy was reached.
low light conditions. The impact of elevated ambient hydrogen peroxide con-
To obtain isolated muscle tissues, shrimp were quickly centrations on the levels of high energy phosphates, lactate
dissected and the abdominal muscle was separated from the and pHi in abdominal muscle tissue of C. crangon was stud-
exoskeleton. The muscle was cut up into slices, which were ied in intact animals and in isolated, perforated muscle tis-
still connected, using scalpel and tweezer. Tissue prepara- sue. Living specimens and isolated tissues were exposed to
tion was carried out in an ice bath. In a preliminary experi- 20 µmol l21 H2O2. In the first experiment, one group of ani-
ment, the degree of slicing required to prevent muscle tissue mals (n 5 7) was exposed to 20 µmol l21 H2O2 over 5 hr,
from becoming ischemic over time was determined by mon- whereas the control group (n 5 8) was kept in peroxide-free
itoring intracellular pH. Isolated muscles were suspended in seawater over the same time period. In a second experiment,
aerated Ringer solution, containing 440 mmol l21 NaCl, 25 changes in metabolite levels were recorded after exposure to
mmol l21 Na2SO2, 10 mmol l21 KCl, 10 mmol l21 CaCl2, 5 20 µmol l21 H2O2 for 1 (n 5 3), 3 (n 5 3) and 5 (n 5 8) hr.
mmol l21 MgCl2, 5 mmol l21 glucose and 5 mmol l21 HEPES, To reduce handling stress, this experiment was conducted
pH 7.7. in a flowthrough setup, where the H2O2 concentration was
controlledin a second water reserve (500ml), fromwhich the
water waspumped at a rate of 20 ml min21 into the incubation
Experimental Procedure aquarium (500 ml) containing the shrimp.
A third experiment was performed to test the effect ofOxygen uptake (MO2) was measured in a flowthrough respi-
rometer, described by Oeschger et al. (26). Measurements hydrogen peroxide on isolated muscle tissue after different
time intervals. Muscles were incubated for 2 (n 5 8) andwere carried out at 10 6 0.1°C in 32‰ seawater filtered
through 0.4-µm filters. For whole animals, respiration 4 (n 5 8) hr in 20 µmol l21 H2O2, and controls, incubated
in peroxide-free Ringer solution, were taken after 0 (n 5chambers (volume 40 ml) were perfused at known flow rates
between 118 and 145 ml hr21. The oxygen partial pressures 3) and 4 hr (n 5 6). Hydrogen peroxide concentrations
were controlled throughout the experiments and readjustedof in- and outflowing water were monitored continuously,
and the rate of oxygen consumption was calculated by inte- if necessary.
grating the differential area between those recordings with
a VIDS III-digitizing program. Oxygen consumption rates
Analysesof individual shrimp were averaged for each hour during a
measurement period of up to 12 hr. The normoxic oxygen H2O2 was determined fluorimetrically as described by Pa-
matmat (27) using scopoletin as a fluorescent dye. Intracel-consumption rate of each individual shrimp was determined
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lular pH was determined according to Po¨rtner et al. (30) in a pre-cooled glass potter, the tissue buffer relation being
1:3. The assay was carried out in a KPi buffer (100 mmolafter grinding abdominal muscle of mudshrimp under liquid
nitrogen, using mortar and pestle. Exposure of samples, tis- l21, pH 7.0) with EDTA (1 mmol l21). To 600 µl KPi buffer,
100 µl tissue extract, 10 µl NaCN (100 mmol l21), 1U GRsue powder and liquid nitrogen to air was minimized to pre-
vent CO2 condensation. Aliquots of 30–80 mg of frozen and 100 µl of GSH (100 10 mmol l21) were added. NaCN
was used as a specific inhibitor of catalase, competing fortissue powder were immediately resuspended in up to 500
µl of ice-cold medium, which contained 160 mmol l21 po- the H2O2 substrate. This mix was incubated for 10 min at
room temperature followed by the addition of 100 µltassium fluoride and 1.0 mmol l21 nitrilotriacetic acid at pH
7.3. After brief mixing on a Vortex mixer, the sample was NADPH (1.5 mmol l21, e340nm: 6.2 mmol l21 cm21). The
resulting peroxide independent NADPH oxidation (∆E1)centrifuged at 0°C and 13,000 g for 15 sec to remove insolu-
ble tissue debris. Immediately after centrifugation, the pH was measured for 3 min, whereafter 100 µl H2O2 (3 mmol
l21) was added, resulting in increased NADPH oxidationin the supernatant was measured repeatedly at the experi-
mental temperature in a capillary pH electrode (Radiome- (∆E2) due to the H2O2 driven reaction of GPOX. One unit
GPOX is defined as the amount of enzyme, oxidizing 1 µmolter, Copenhagen G297/G2) previously calibrated with pre-
cision phosphate buffers (Radiometer). of GSH per min at 25°C and pH 7.0. The assay was checked
using a GPOX standard (Fluka, 100 U mg21).The concentrations of ATP, inorganic phosphate, phos-
pho-l-arginine and arginine and lactate were determined The total amount of GSH and GSSG was determined
spectrophotometrically using 5,5-dithio-2-nitrobenzoic acidenzymatically in neutralized perchloric acid extracts of ab-
dominal muscle tissue (9). Phospho-l-arginine and arginine as described in Buchner and Abele-Oeschger (14).
Changes over time were tested for significance at the 5%were determined after Grieshaber et al. (18), ATP and lac-
tate according to Bergmeyer et al. (10) and inorganic phos- level by using one-way ANOVA and by performing the
Bonferroni/Dunn post-hoc test for group comparisons usingphate according to Po¨rtner (29).
Catalase (E.C.1.11.1.6.) activity was determined after SuperAnova, Abacus Concepts. Values are presented as
means 6 SD throughout. Comparisons of means for treatedAebi (7). Samples were homogenized in 50 mmol l21 potas-
sium phosphate buffer (pH 7.0) including one part of 1% and pseudo-treated groups were performed using Student’s
t-tests.Triton-X100 solution to 10 parts buffer. The catalase assay
was conducted using potassium phosphate buffer (50 mmol
l21, pH 7.0) and H2O2 as substrate at 240 nm. A catalase RESULTS
standard was purchased from Boehringer-Mannheim (2600
U/mg). Superoxidedismutase (SOD; E.C.1.15.1.) activity Oxygen uptake of three animals exposed to hydrogen perox-
ide was significantly reduced, on average by 25.7% (Tablewas determined according to Marklund and Marklund (23).
A total of 0.05 mol l21 Tris-succinate buffer (pH 8.2) was 1). Control animals exhibited no significant drop in oxygen
consumption after pseudo-treatment. On a dry weight basis,aerated over 1 hr before use. Pyrogallol solution (0.57 mg
ml21) added to 950 µl buffer resulted in an absorbance in- the oxygen uptake rate of isolated abdominal muscle tissues
was found to be similar to the rates found in whole animalscrease of 0.020 abs min21 at 420 nm. At 25°C and pH 8.2,
one unit of commercially available SOD (Fluka) inhibited and, moreover, showed the same reaction to hydrogen per-
oxide. The preliminary results, however, do not reflect athis increase by 50% (5 0.010 abs min21). Glutathione re-
ductase (GR; E.C.1.6.4.2.) activity was measured following dose-response relationship, probably owing to the high con-
centrations tested. Therefore, results were grouped to testAbele-Oeschger et al. (4). The assay is based on the oxida-
tion of NADPH during the reduction of oxidized (GSSG) for the presence of a response to hydrogen peroxide per se
(Table 1).to reduced glutathione (GSH). Deep-frozen tissue samples
were ground in liquid nitrogen and extracted with 0.12 mol Values of intracellular pH, lactate levels and high-energy
phosphates in muscle in vivo are summarized in Table 2.l21 phosphate buffer (1 :3, w/v, pH 7.2). GR activity in ho-
mogenates was assayed at 25°C and 340 nm in Tris buffer With the exception of a decrease in pHi, no significant
changes in individual metabolic parameters were found(0.1 mol l21, pH 8.2) to which EDTA (0.94 mmol l21),
GSSG (4.6 mmol l21) and NADPH (0.16 mmol l21) were upon peroxide exposure. ATP was present at ‘‘resting’’ levels
in both control and incubated animals. The ratio of phos-added. A GR standard was purchased from Boehringer-
Mannheim (120 U mg21). pho-l-arginine over the sum of phospho-l-arginine and l-
arginine concentrations was below 0.5 in this and all con-Glutathione peroxidase (GPOX) was assayed in a cou-
pled enzyme test in which GSH is oxidized by GPOX using secutive experiments, which indicates that burst activity
had occurred when samples were taken. This is a commonadded H2O2 as a substrate, following Gu¨nzler and Flohe´
(20). The resulting GSSG was re-reduced by GR involving phenomenon often reported in the literature when tissues
are sampled invasively from non-narcotized animals. Lac-the oxidation of the co-substrate NADPH at 340 nm. Tis-
sues were extracted with a Tris–HCl buffer (20 mmol l21, tate levels showed a minor, but insignificant, increase be-
tween the unexposed and the exposed group (Table 2).pH 7.6), containing EDTA (1 mmol l21) and dithiothreitol
(1 mmol l21). Tissue extraction was carried out on ice However, lactate concentrations in both groups were clearly
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TABLE 1. Oxygen consumption of living sand crab (Crangon crangon) specimens and isolated tail muscle before and after
exposure to H2O2
Before treatment After treatment % Change
µmol O2h21 g21 dry mass
Control animals 9.8 6 2.3 9.9 6 3.1 20.14 6 13.2 (5)
Animals exposed to H2O2 (5 hr) 13.1 6 2.9 9.6 6 2.5 225.7 6 14.2 (3)*
Muscle exposed to H2O2 (2 hr) 14.2 6 4.1 6.3 6 3.9 257.7 6 14.8 (4)*
Whole animals: 5 hr to 20 µmol l21 H2O2, isolated tail muscle: 2 hr to 10–20 µmol l21 H2O2. Control animals were pseudo-treated in peroxide free seawater,
using the same protocol as for the exposed specimens. Asterisk indicates a significant difference (P , 0.05) compared with control levels.
close to resting values, indicating that anaerobic ATP pro- cellular acid-base regulation of C. crangon. The concentra-
tions used in this study were 4-fold higher than the maxi-duction was minimal during normoxic peroxide exposure.
Intracellular pH in isolated muscle tissues showed the mum values so far observed in the field (6). These values
were chosen in an attempt to not only elucidate the modesame reaction to hydrogen peroxide as the pHi in muscle
tissue collected from whole animals. pHi decreased from of action of hydrogen peroxide on invertebrate vital func-
tions but also to investigate the maximum effect. Levels7.31 6 0.03 in the control group to 7.12 6 0.08 (2 hr) and
to 7.19 6 0.08 after 4 hr of exposure, whereas pHi remained comparable with those used experimentally have been re-
ported for the body fluids of benthic bivalves (Astarteconstant in the control group (4 hr, Fig. 1). Again, lactate
levels were not affected by H2O2 but remained constant at borealis) and polychaetes (Arenicola marina) where under
hypoxic conditions hemolymph H2O2 increased to up to 21an even lower level (0.1–0.2 µmol g21 wet weight) than
observed in vivo (Table 3b). µmol l21 (1). However, exposure to H2O2 levels of 4 µmol
l21, which were sufficient to reduce oxygen consumption inA second incubation experiment with intact animals was
performed monitoring the time course of changes during 5 the polychaete Nereis diversicolor, failed to show an effect
on mudshrimp metabolic rates. Possibly the exoskeletonhr of exposure to 20 µmol l21 hydrogen peroxide. Peroxide
incubation caused pHi to decrease from 7.46 6 0.02 to 7.34 provides a diffusion barrier, sufficient to exclude hydrogen
peroxide from shrimp tissues at environmental concentra-6 0.07 after 5 hr of exposure, whereas pHi in pseudo-treated
animals (7.45 6 0.07) did not differ from the control group tions. This could be crucial for the shrimp, which in con-
trast to the polychaetes do not dig into the sediment but(Fig. 1). Lactate levels were higher in this than in the previ-
ous experiment (Table 2), probably owing to seasonal differ- stay in surface pools, directly exposed to the accumulating
hydrogen peroxide.ences and the associated higher metabolic rates in summer
animals. The antioxidant enzyme activities developed by the
Crangon range at a surprisingly low level, as compared withResults of the antioxidant enzyme measurements in mud-
shrimp abdominal muscle and haemolymph are depicted in previously investigated polychaetes. This applies mainly to
the major H2O2 metabolizing enzyme catalase that wasTable 4. The major H2O2 metabolizing enzyme catalase was
of extremely low activity in abdominal muscle and below scarcely detectable in the investigated shrimp. Although
SOD is in the same range as in other non-hemoglobin in-detection limit in the hemolymph. Moreover, we failed to
induce catalase activity upon experimental H2O2 exposure vertebrates (5), the glutathione system is again several or-
ders of magnitude below the levels found in the polychaete(unpublished data). SOD was also below detection limit in
the hemolymph but showed activities comparable with Arenicola marina (14). However, there are hints for the exis-
other invertebrates in muscle tissue. In the absence of cata-
lase, the glutathione system, consisting of GR, GPOX and
the substrate glutathione, may constitute a major propor- TABLE 2. Effect of 20 mmol l21 hydrogen peroxide exposure
on pHi and the levels of lactate, ATP, phosphagen (Arg-P)tion of the hydrogen peroxide metabolizing antioxidant sys-
and arginine (mmol g21 wet weight) in abdominal muscle tis-tem of C. crangon, as well in muscle tissue as in the respira-
sue of whole animalstory fluid.
Controls 5 hr H2O2
pHi 7.32 6 0.04 7.22 6 0.05*DISCUSSION
[Lactate] 0.55 6 0.54 1.14 6 1.04
To our knowledge, this is the first study to report that hydro- [ATP] 4.66 6 0.94 5.05 6 0.95
[Arg-P] 16.1 6 4.5 14.6 6 7.1gen peroxide causes a decrease in intracellular pH in the
[Aginine] 19.2 6 6.1 22.3 6 9.9musculature of an animal that may very well be exposed to
[Arg-P]/[Arg-P] 1 [Arg] 0.40 6 0.15 0.35 6 0.17high ambient peroxide levels in its natural environment.
We have investigated the influence of 20 µmol l21 H2O2 on Data from April 1995, n 5 6–10. Asterisk indicates a significant difference
(P , 0.05) compared with control levels.aerobic metabolic rates, the energy metabolism and intra-
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tence of very effective antioxidants in crustacean muscular
tissue, as shown for Antarctic krill, Euphausia superba, by
Seher and Lo¨schner (33). These authors characterized the
antioxidant fraction in krill tissue to consist of tocopherol
and a variety of free amino acids. It seems noteworthy that
catalase is also completely absent in krill abdominal muscle
(Abele-Oeschger, unpublished data). It will have to be
tested whether a comparable set of chemical antioxidants
can be determined in muscles of mudshrimp.
In our study, the peroxide-induced decrease in oxygen
consumption was more pronounced in isolated tissues than
in whole animals (Table 1). The lower degree of change
observed in whole animals might be caused by the mainte-
nance of a concentration gradient for hydrogen peroxide
between external water and the body fluids. However, it has
to be kept in mind that in isolated tissues, a considerable
depression of aerobic metabolic rates was already induced
at 10 µmol l21. In other invertebrates, a reduction in pHi
is discussed to be a main factor in causing a decrease in
metabolic rate [e.g., (21)]. It is controversial, however,
whether this is a general phenomenon (13,31). Therefore,
it has to be emphasized that it is unknown for marine crusta-
ceans whether a decrease in pHi as observed in the present
study causes metabolic depression. Although the reduction
in aerobic metabolism was more pronounced in isolated
muscle than in whole animals, the decrease in pHi was simi-
lar in both experiments. The reason may be that the de-
crease in metabolic rate in vivo is largely caused by metabolicFIG. 1. (a) Effect of 20 mmol l21 H2O2 exposure on pHi in
isolated abdominal muscle tissues and in whole animals. depression in the musculature with possibly less effect of
Data from April 1995, n 5 6–10. Controls were pseudo- H2O2 on the other tissues.
incubated in peroxide free seawater (whole animals) or The intracellular acidification was not caused by anaero-
saline (isolated tissues) under the same conditions as the
bic metabolism because lactate production and accumula-peroxide incubation experiments. Asterisk indicates a sig-
tion did not occur in either whole animals or in isolatednificant difference (P , 0.05) compared with control lev-
els. (b) Effect of 20 mmol l21 H2O2 exposure on pHi in abdom- tissues. ATP levels also remained unchanged; thus the ob-
inal muscle tissues of whole animals. Data from August served intracellular acidosis could not be attributed to pro-
1995, n 5 6–10. Asterisk indicates a significant difference tons released during ATP hydrolysis. The decrease in pHi(P , 0.05) compared with control levels.
must, therefore, be the consequence of a change in proton
TABLE 3. (a) Effect of 20 mmol l21 hydrogen peroxide exposure on pHi and the levels of lactate, ATP, phosphagen (Arg-P)
and arginine (mmol g21 wet weight) as well as the ratio of PLA over the sum of PLA 1 L-Arg concentrations in abdominal
muscle tissue of whole animals (data from August 1995) and (b) effect of 20 mmol l21 hydrogen peroxide on pHi and lactate
(mmol g21 fresh mass) concentrations in isolated abdominal muscles of C. crangon (data from June 1995, n 5 8)
Controls H2O2
(a) 0 hr 5 hr 1 hr 3 hr 5 hr
pHi 7.46 6 0.02 7.45 6 0.07 7.41 6 0.07 7.43 6 0.02 7.34 6 0.03
[Lactate] 2.17 6 0.47 0.94 6 0.40 1.42 6 0.47 2.24 6 0.29 2.15 6 1.30
[ATP] 5.06 6 1.10 6.73 6 1.22 6.25 6 0.32 6.02 6 1.36 7.09 6 2.81
[Pi] 23.44 6 11.45 26.31 6 8.57 24.39 6 1.81 34.31 6 9.05 30.80 6 12.44
[Arg-P] 17.38 6 8.96 24.97 6 12.37 25.52 6 10.77 30.06 6 5.78 30.94 6 7.91
[Arginine] 25.08 6 8.03 20.72 6 12.61 27.12 6 1.66 37.63 6 11.72 31.43 6 7.77
[Arg-P]/[Arg-P] 1 [Arginine] 0.41 6 0.17 0.55 6 0.26 0.48 6 0.11 0.44 6 0.11 0.42 6 0.07
(b) Controls 2 hr H2O2 4 hr H2O2 4 hr controls
pHi 7.31 6 0.03 7.12 6 0.08* 7.19 6 0.08* 7.33 6 0.01
[Lactate] 0.11 6 0.12 0.21 6 0.09 0.11 6 0.14 ,0.05
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TABLE 4. Antioxidant enzyme activities and glutathione concentrations in Crangon crangon abdominal muscle and hemo-
lymph
Glutathione Glutathione Glutathione
Catalase SOD reductase peroxidase (GSH 1 GSSG)
Abdominal muscle 1.8 6 0.56 4.37 6 1.07 0.00026 6 0.00038 0.0137 6 0.0028 165.25 6 29.87
(n 5 3) (n 5 8) (n 5 8) (n 5 8) (n 5 8)
Hemolymph b.d.l. b.d.l. 0.0322 6 0.045 n.d. 0.031 6 0.016
(n 5 3) (n 5 8) (n 5 8) (n 5 6)
Enzyme activities are in U mg21 muscle protein and in U ml21 hemolymph. Glutathione concentration is in nmol g21 fresh weight for abdominal muscle
and in nmol ml21 for hemolymph. Data from April 1996. b.d.l., below detection limit; n.d.; not determined.
equivalent ion exchange mechanisms. In animal tissues, pHi exposed environments. This research must also address the
mechanisms by which the action of hydrogen peroxide af-is not in equilibrium across the plasma membrane because
the equilibrium pH would be close to pH 6.0, whereas the fects cellular functions.
actual intracellular pH is usually found above 7.0. Trans-
membrane ion transport mechanisms play a central role in
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